ABSTRACT EscI,t',-u/uo 
Millions of people are infected by foodhorne pathogens each year (2). Enteric pathogens. including E. co/i 0157:
117, have been shown to contaminate produce. E. co/i 0157:H7 can cause life-threatening hemorrhagic colitis and, in very severe cases, hemolytic uremic syndrome (30) . Contamination of produce is a large problem since it is commonly eaten raw. Contamination can occur before or during the harvest and processing. Preharvest contamination probably occurs by application of raw or poorly cornposted manure to the crop relatively close to harvest or from a contaminated water source (16, 17, 20. 37) . Manure may be applied as fertilizer or inadvertently from livestock or wild animals.
Persistence of E. co/i 0157:H7 in the field is variable
and controlled by numerous factors. The results of recent studies indicate that E. co/i 0157:H7 will survive in the field onl y about 4 to 8 weeks (15, 20, 28) . These results support the National Organic Program recommendation of a minimum of 120 days between manure application and harvest (1). However, these and other studies also conclude that survival of E. co/i 0157:H7 is improved at cool temperatures, in clay soil and in close association with roots (13, 15, 16) . Close association with the plant increases the likelihood of survival through access to nutrients in exudate released from the roots (32) . Remarkably, a recent study reported that E. co/i 01 57:H7 could be isolated from carrots 168 days after application of contaminated manure (17).
In addition to environmental conditions, the presence of competing microorganisms contributes to the observed Author for correspondence. Tel: 510-559-5986: Fax: 510-559-6162: E-mail: mcoole y @ pw -usda.gov . reduction of pathogens in the field. Microorganisms have been shown to compete with pathogens in many environmerits related to the production, processing, and storage of food (12, 14, 23, 29, 33, 34, 36.38) . Some bacteria compete more effectively with enteric pathogens than do others.
For instance, survival of coliforms in the soil is con-elated inversely with the level of E. co/i 0157:H7 (13) . Coliforms are more likely-to use the same nutrients and occupy the same niche as E. co/i 0157:H7. However, Psei/onionas spp. also are important competitors (12) due to their prevalence in the soil and growth at low temperatures (27) . In natural environments, competition occurs with many different organisms and probably by different niechanisms. Competition with Sa/iootre//a was more effective with uncharacterized communities of bacteria than with individual strains, indicating additive and, possibly, synergistic activities (24) . These complex community interactions are difficult to investigate and very little is known about the mechanisms involved, especially oil the surface of plants.
We have isolated several epiphytes from Arabidopsis Ihaliwra and lettuce whose appearance and abundance on seedlings coincided with the attenuation of F. co/i 0157: H7 and Salmonella einteuica (10) . Two of the most prevalent epiph y tes. Enterobacte,-asburiae and Watitersia paucu/a, were characterized further. Competition between E. ashuriae and E, co/i 0157:H7 was demonstrated initiall y on Arabidopsis (10) . In this article, we show that F. asburiae competed with E. co/i 0157:1-17 on lettuce. Lettuce was selected because it had been implicated in several outbreaks associated with F. co/i 0157:H7 (4). We also show that competition with E. a.sburiae occurred while the bacteria are growing in plant exudate. In contrast. W. paucula enhanced the survival of E. co/i 0157:H7 in the lettuce phyllosphere. Inoculation. Before inoculating the seeds or roots, the bacteria (either pathogen or epiphytes) were grown overnight (approximately 16 h) in Luria broth (LB: Difco. Fisher Scientific. Pittsburgh. Pa.) at 37°C and then subcultured in M9 glucose me-(hum (Difco. Fisher Scientific) 24 h at 23°C. Then, the bacteria ssere pelleted by centrifugation and resuspended in sterile water at 1 01 CFU/nil (1.0 A was approximately 10 1 CFU/ml). Inoculation of E. co/i Oh 57:1-17 or epiphytes was done by pipeting the bacterial suspension at 10 CFU/ml directly onto the exposed roots of lettuce grown on MS medium. Excess inoculum was a!-loss ed to run off the roots and was removed from the bottom of the plate. This inoculation method resulted in about 50 CFU per toot. Coinoculations with E. co/i 0157:H7 and the epiphyte strain were at a ratio of 1:1. Lettuce seeds (0.7 g) were imbibed and inoculated by tumbling the seeds in the bacterial suspension (1 0' CFIJ/ml) for 24 h at 23°C in 20 ml of water. Twenty-four hours inhibition was necessary for synchronous germination of the seed.
MATERIALS AND METHODS

Strains
Enumeration of bacteria bound to seeds. Binding of bacteria to the seeds was monitored by first washing the seeds five times with water and then sampling the supernatant to monitor residual bacteria. The hound bacteria were then released from the seed b y sonicatioii for 75 s in a model FS30 sonieation bath and the supernatant was then resampied. Binding was measured as the difference between pre-and posts011ication values per seed.
Food Piot., Vol. 69. No. hi) Microscopic methods. A Leica MZ-FLIII stereo epifluorescence microscope equipped with a GFP2 filter set was used to examine and photograph labeled seed or seedling in situ (Leica Microsystems. Wetilar, Germany).
Pathogen and epiphyte detection. Growth or survival of K. coIl 01 57:H7 or epiphytes on roots, whole shoots, or whole seedweighing the sample. Sampling of lings was monitored by first roots grown in vitro was done as previously described (/0). Whole seedlings were removed from the soil before emergence with as much of the root as possible using sterile spatulas. Large soil particles were removed before weighing the seedling using a dry. sterile cotton swab or flamed forceps. No effort was made to remove small, tightly adhering soil particles. Whole shoots were sampled by cutting the stem with sterile scissors just above the soil. Six independent samples of roots, seedlings, or shoots were then sonicated for 75 s in PBS in the FS30 sonication bath to release the bacteria. K. co/i 0157:1 -17 (RM23 15) was detected in the supernatants b y plating oil agar with 50 lL ghril kanamycin. Growth in plant exudate. Surface-sterilized seeds (0.7 g dry weight) were germinated and grown in 100 ml MS medium while shaking at 100 rpm. After 6 days growth, the sterility of the seed was monitored by plating 50 p.l of the exudate on tr y ptic soy broth agar. The exudate was filter sterilized (0.45 p.10) and frozen at -20°C until use. The exudate was inoculated with K. co/i 0157:
W. paticu/a
E17 or epiphyte at 10 CFIJ/ml each At selected times, growth was monitored by plating six samples on selective or indicator media as above. Preconditioned exudate was created by growing E. ashoriae or W. panculu in the exudate for 1 day followed by filter sterilization (0.45 p.01).
Statistical analysis.
Experiments were performed at least twice and each sampling consisted of six independent samples collected randomly from different pots or plates (in vitro-grown plants). At each sample time, ail was made to select seeds, roots, or seedlingsat the same developmental stage. Results from independent experiments were analyzed separately. All error bars at the sample mean represent standard error, which was computed as standard deviation divided by square root of the sample number. Significant differences between treatments were determined by Students t test in SigmaStat. version 3 (SPSS Inc. San Francisco. Calif.). Two-way analysis of variance with the StudentNewman-Keuls method was used to analyze the survival of the pathogen affected by both time and the presence of an epiphyte. (Fig. 1) . In contrast. W. paucula [ailed to suppress the growth of K. co/i 0157:1-17 and, unexpectedly, the level of K. co/i 0157:1-17 increased about 0.7 log (fivefold) after three days. Thotigh the increase was small relative to the decrease observed with K. asburiae, it proved to be reproducible and significant (P 0.001). Microscopic examination of coinoculated lettuce seeds I day after germination showed that the level of GFP-labeled E. co/i 0157:1-17 present on the seedlings was reduced substantially when compared to inoculation with E. co/i 0157:H7 alone. Without E. a.rburiae, clusters of GFP-Iaheled cells were observed on the detached seed coat and alon g the entire i'oot, concentrated primarily at the junction of the root and shoot. Few E. co/i 0157:1-17 57:H7 cells were observed with E. as/mr/ac present (Fi(, . 2A and 213) . Furthermore, as the lettuce seedlin g s grew. the difference between seedlings with E. co/i 0157:1-17 alone and coinocuhired with E. co/i 0157:1-17 and E. as/mr/ac became more evident. The amount of E. co/i 0157:H7 on the roots of the coinoculated plants after 3 and 5 days decreased sLibstantially ( Fig. 2D and 2F ) and was not dispersed unilormly over the surface. E. co/i 0157:1-17 coinoculated with E. asbuuiac was concentrated predominantly in small aggregates of cells in defined regions of the root, e.g.. the elongation region and root hairs ( Fig. 2D and 2F ). Significant attachment of E. co/i 0157:1-17 was observed along the entire length of the root in the absence of E. asburiae ( Fig. 2C  and 2E (Table I ). In contrast, cuinoculation or preconditioning with W. /7aucu/a failed to produce any significant change in E. co/i 0157:1-17 growth (Table I) . Carbon substrate utilization capabilities of E. co/i 0157:147, E. asburiae, and W. paucii/a were compared. Ninety-five substrates were tested, including 27 substrates known to he present in either seed, root, or leaf exudate (5, 9, 22, 25. 26, 32) . E. as/,uriae used 25 of the 27 exudaterelated substrates. Twenty-three of these were used also by E. co/i 0157:H7 (Table 2 ). In contrast. W. paucu/a failed to utilize effectively most of the same substrates and only lour substrates were utilized by both W. paucu/a and E. co/i 0157:1-17.
RESULTS
Coinoculation of
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Interaction of E. coli 0157:H7 and epiphytes on soil-grown plants. Experiments were designed to assess the effect of epiphytes on E. co/i 0157:H7 survival on soilgrown lettuce plants starting with contaminated lettuce seed. The inoculated seed was tested for the level of hound bacteria before planting. Binding of E. coli 0157:H7 and epiphytes was the same when the bacteria were inoculated separately or coinoculated (data not shown). After emergence from the soil, both E. co/i 0157:H7 and epiphyte contamination on lettuce seedlings dropped exponentially over time (Fig. 3) . Levels of E. a,sburiac on the plant were larger than those of W. paucu/a or E. co/i 01 57:H7. However, survival of both epiphytes was unaffected by the presence of E. co/i 0157:H7 (Fig. 3A) . In contrast, survival of E. co/i 01 57:H7 inoculated with E. asb,triae decreased significantly compared to E. co/i 01 57:H7 inoculated alone (P 
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Average endpoint analysis of four independent experiments: reduction of tetrazoliurn redox dye: (A 11) -fl 750 0 X 1.000. SE, standard error. 0.001). At 10 days postinoculation, survival of E. co/i 0157:H7 was 27-fold lesson coinoculated plants (Fig. 3B) . By day 12, the level of E. co/i 0157:H7 contamination on foliage of the coinoculated plants was nearly undetectable without enrichment and could not he reliably quantified. In contrast to E. as/n,riae, coinoculation with W. paucula significantly improved the survival of E. co/i 0157:H7 (P 0.024). The result was a sixfold increase in the recovery of E. co/i 01 57:H7 at 12 days postinoculation.
The concentration of E. co/i 0157:H7 at day 4 postinoculation, when the plants emerged from the soil, was always lower in the presence of E. asburiae compared with E. co/i 0157:H7 alone. This occurred despite the fact that the E. co/i 0157:H7 concentration on the lettuce seed was the same initially. These results are in contrast to those with W. paucu/a. At day 4. E. co/i 0157:H7 levels were unaffected by the presence of W. paucula (Fig. 313) . Hence, E. asbunue appeared to compete with E. co/i 0157:1-17 before the first foliage sample. i.e.. before emergence from the soil. Therefore. lettuce seedlings were sampled before emergence. The level of E. co/i 0157:H7 remained stable or declined only slightly during germination and growth before emergence regardless of whether it was inoculated alone or in the presence of W. paucu/a (Fig. 4) . However. Time (days) 10 12 14 Time (days) in the presence of E. a.sburiae, the level of E. co/i 0157 H7 was 26-fold lower at day 3.
DISCUSSION
Generally, enteric pathogens can adapt to plant surfaces, but may fail to compete with indigenous epiphytes (8) . Competition between several epiphytes and emetic pathogens has been demonstrated in vitro (18, 20, 36) or on aseptic explants or seed (23, 24) . Our in vitro results with E. asburjae are consistent with these observations. Available nutrients rather than space is thought to be the major factor related to competition. A large portion of the plant is uncolonized, because bacteria tend to congregate where nutrients are most abundant (41 H7 being forced to colonize a suboptimal niche for survival. In gnotohiotic experiments, we have shown that the presence of epiphytic bacteria can alter the migration and persistence of E. co/i 0157:H7 (10). In the presence of E. asbur,ae, E. co/i 0157:H7 contamination decreased substantially on large regions of the root. These observations were made with in vitro-grown plants, but may also reflect the growth patterns in soil.
Competition when E. ashuriae was grown in lettuce exudate was similar to that observed on plant roots in vitro. Furthermore, suppression of E. co/i 0157:1-17 occurred in the absence of E. asburiae, as indicated by restricted E. co/i 0157:1-17 growth in preconditioned exudate. These results are consistent with the concept that competition is due to a diffusible factor. Roberson et al. (31) compared the colonization of a wild-type strain and a glycolytic mutant strain of Enrerobacter cloacae on several types of crop seed and showed that bacterial growth on various reduced carbon compounds is significantly associated with its capability to colonize certain crops. Furthermore, the effectiveness of E. cloacae as a biocontrol agent correlated with its ability to decrease the levels of seed exudate components necessary for the germination of the fungal pathogen, Pyrhium u/timum. Matos and Garland (24) used Biolog GN2 carbon substrate plates to measure the community level, physiological profile of microflora from several types of sprouts, and reported that sprout type is a major factor controlling differences in the communities. The structure of the microbial community on plants (diversity and abundance) is controlled substantially by the composition of the plant exudate. We have shown that epiphyte competition with E. co/i 0157:1-17 is correlated with its ability to use the same carbon sources in exudate, presumably critical for growth of E. co/i 0157:H7. E. ashuriae and E. co/i 0157:1-17 both utilize or respond to several amino acids, sugars, and oreanic acids known to be present in plant exudate (Table 2) . One or more of these substrates may be involved in competition with E. coli 0157:H7 on the plant. However, surival of E. co/i 0157:H7 may be sensitive to alterations in exudate composition due to the developmental stage of the plant (40) . Results shown here were obtained using exudate from lettuce seed and seedlings. Additional experiments are necessary to show if exudate from mature lettuce similarly supports competition between E. coli 0157:H7 and E. asburute.
W. paucula supports the survival of E. coli 0157:H7 in vitro on lettuce roots and on the leaves of soil-grown lettuce. This is the first clear example of a microorganism supporting the survival of a human pathogen on plants. However, the soilborn protozoa, Acantha,noeha and Tetrahymena, have been reported to sequester Salmonella enterica in vesicles, suggesting a mechanism that protects Salinonella and, perhaps, enhances their growth in the soil (3, 6) . W. paucula was selected for analysis because, like E. asburiae, we observed that it was prevalent on lettuce when the numbers of E. coli 0157:H7 declined. W. paucula, which is not a coliform, instead was associated with survival of E. coli 0157:H7. However, coinoculation of W. paucula and E. coli 0157:H7 in exudate failed to enhance the growth of E. co/i 0157:H7 in a manner similar to that occurring on plant roots in vitro and in the phyllosphere of soil-grown plants. Thus, commensalism with W. paucula may not involve a diffusible factor. The fact that W. paucu/a did not utilize many of the same carbon substrates used by E. co/i 0157:H7 is consistent with the lack of competition.
Since commensalism appears not to be due to a diffusible factor, then, perhaps, W. paucula can assist E. co/i 0157:H7 survival by modifying tissue and supplying a suitable niche. Considerable evidence shows that epiphytic bacteria alter the environment of the root or leaf to support their own colonization, either by increasing the release of nutrients from the plant (7, 35) or by production of a polysaccharide matrix to anchor the cells and prevent desiccation (19, 31) . Further research is needed to show the mechanisms of these interactions.
In the experiments with soil-grown lettuce presented here, uncharacterized bacteria were present both on the seed and in the soil, since no effort was made to sterilize the soil or surface sterilize the seed. This complex microflora did not interfere with demonstration of competition by E. asburiae. Although W. paucula failed to show significant commensalism with E. coli 0157:H7 in the rhizosphere of soil-grown plants, no decrease in the pathogen was observed. Thus, we speculate that rhizosphere microflora interfered with the commensal relationship that was demonstrated in the phyllosphere experiments (Fig. 313) .
Screening methods for competitors typically select prospective organisms that occupy the same niche (42) or environment as a pathogen (21) . W. paucula and E. asburiae etc selected as potential competitors due to their prevalence on plants contaminated with E. co/i 0157:1-17. Epiphvtes selected for competition with E. co/i 0157:H7 based on their prevalence are perhaps more likely to be competitors than random isolates in the absence of the pathogen. Despite our current lack of understanding regarding the molecular basis of competition with E. co/i 0157:H7, E. asburiae and other competitors may become effective tools to control pathogen contamination on produce.
